The potential of Palm Methyl Esters (PME) as an alternative fuel for gas turbines is investigated using a swirl burner. The main air flow is preheated to 623 K and a swirling spray flame is established at atmospheric pressure. The spray combustion characteristics of PME are compared to diesel and Jet-A1 fuel under the same burner power output of 6 kW. Investigation of the fuel atomizing characteristics using Phase Doppler Anemometry (PDA) shows that most droplets are distributed within the flame reaction zone region. PME droplets exhibit higher Sauter Mean Diameter (SMD) values than baseline fuels, and thus higher droplet penetration length and longer evaporation timescales. PME swirl flame presents a different visible flame reaction zone while combusting with low luminosity and produces no soot. NOx emissions per unit energy are also reduced by using PME relative to those of conventional fuels, in spite of the ~17% higher specific fuel consumption and slightly larger droplets.
biodiesel was used instead of diesel, but that improved NOx emissions could be achieved by increasing the mass ratio of the atomizing air to liquid fuel. The conflicting result shows that more in depth investigation of biodiesel combustion is needed.
There have been a few combustion tests on biodiesel conducted using swirl burners. Sequera et al. [8] investigated the emissions of diesel, soy methyl ester, soy ethyl ester and bio-oil pyrolised from hardwood. Their results demonstrated that biodiesel blended fuels emitted lower NOx and CO at conditions where the fuel flow rates are kept constant. Similar trends of emission reduction using biodiesel were observed in experiments conducted by Panchasara et al. [9] . It was reported that the reduction of NO emission of biodiesel is associated with the lower flame temperature that is achieved with the increase of atomizing air. Hashimoto et al. [10] investigated the emissions of palm biodiesel relative to diesel in a gas turbine type burner. The result indicates that NO emission for palm biodiesel is consistently lower compared to diesel fuel when plotted as a function of excess air ratio, droplet SMD, atomizing air pressure and viscosity. These results indicate that biodiesel produces lower NOx emission than diesel fuel under gas turbine conditions, contrary to the higher NOx emissions measured in compression-ignition engine experiments [11, 12] .
In this paper, the combustion characteristics of palm biodiesel are investigated under the swirling spray flame conditions using PDA and flame imaging technique. The data obtained can be used as a validation targets for biodiesel swirl flame modeling as well as practical combustor or injector design. The emission performance of the PME relative to baseline fuels is also investigated.
Experimental 2.1 Burner and flow delivery
The swirl burner in this experiment consists of a circular quartz tube forming the combustor wall and a swirler at the burner outlet. , with an accuracy of ± 0.4%. The main air flow and atomizing air are separately regulated by two Bronkhorst ® thermal mass flow controllers (MFC), which deliver the full scale accuracy of ± 1% respectively. The schematic of the single swirl flame burner configuration and flow delivery system is presented in Fig. 1b .
The main air flow is heated by two in-line air heaters (750 W/heater) arranged in series. The burner plenum and body are additionally heated by three Omega® rope heaters (500 W/rope) and insulated with high temperature heat-resisting materials to reduce heat loss. A 1.5 mm diameter thermocouple is placed 10 mm under the swirler to measure the temperature of the main air. The heating facility allows the main air to be preheated to a temperature of 350 o C. The signal from the thermocouple provides the feedback control to the temperature controller of the air heaters. The uncertainty of the temperature associated with the preheated air is within ± 5K. The whole burner is constructed using stainless steel. Biodiesel is typically composed of a mixture of methyl esters with no aromatic rings or sulphur. Due to the presence of oxygen in the molecules, biodiesels have lower heating values compared to conventional petroleum-fuels. The winter grade palm biodiesel/methyl esters (PME) used in this experiment is supplied by Carotino Sdn. Bhd. Malaysia. The PME conforms to the European Union's EN14214 standard with the approximated composition of 43.1% methyl oleate, 39.5% methyl palmitate, 10.4% methyl linoleate and 5% methyl stearate [14] . Jet-A1 fuel is a light distillate fuel that consists of a complex hydrocarbon mixtures of 50-65% paraffins, 10-20% aromatics and 20-30% naphtenes [15] . The standard Jet-A1 fuel used here is sourced from Conoco Limited, UK. Another conventional fuel tested here is diesel fuel. The present commercial grade low sulphur diesel fuel is obtained from the Shell petrol station in the UK. The typical composition of diesel fuel is 25-50% of paraffins, 20-40% of cycloparaffins and 15-40% of aromatics [16] . Comparison of the properties of biodiesel with conventional fuels is shown in Table 1 . PME has higher density and viscosity compared to diesel. The low volatility of PME is reflected by the relatively high flash point of o C. The ignition delay time of PME is shorter than diesel as indicated by the higher cetane number.
Fuel

Operating conditions
The main bulk swirling air flow is preheated to a temperature of 350 o C while the liquid fuel and atomizing air are delivered to the atomizer at room temperature. The interaction of the swirling air flow with the liquid spray forms a globally lean mixture. To compare the combustion characteristics of the fuels, the flames are established at the same power output condition. The air and fuel mass flow rates are metered accordingly based on the fuels energy content to obtain the burner power output at 6 kW while maintaining the global equivalence ratio of φ=0.47. The atomizing air-to-fuel mass flow rate ratio (ALR) is set constant at 2.0 for all test cases. The operating conditions are shown in Table 2 for the respective fuels. The simultaneous measurement of droplets velocity and size is performed using a Phase Doppler Anemometry (PDA). The droplet size is determined based on the measured phase shift difference between two Doppler bursts, whereas the droplet velocity is obtained from the Doppler burst frequency [17] . The 1D PDA (Dantec 112 mm Fiber PDA) consists of a continuous-wave Argon-ion laser (Coherent: Innova 70C) that produces a laser beam at 514.5 nm. The beam from the laser is split into two almost identical beams via a beam splitter. A 500 mm focal lens is used to form a measurement volume at the intersection point of the beams. The receiving optics that houses the detectors are positioned at 56 o off axis to the transmitter to capture the light scattered from the droplets. transmitter and the optical settings for the PDA system. Both the transmitting and receiving optics are mounted onto a 3-D traverse system with stepper motors that have the spatial accuracy of ±0.1 mm. The PDA measurement was performed within the flames established at the burner outlet. Measurements were taken at axial positions of 10, 15 and 20 mm downstream of the burner outlet as indicated in Fig. 2 . Locations close to the spray outlet were not measured as the dense spray region may cause the PDA measurements to be unreliable. A minimum of 2000 data points were taken for each spatial point along the radial profiles. The statistical uncertainty is estimated to be 2% for the droplets velocity and diameters. Validation rates determined by the PDA software for the droplets velocity and sizes were at least 90%.
Results and discussion 3.1 Droplet velocity and SMD profiles
Measurements of the spray characteristics of reacting flows established from diesel, Jet-A1 and PME fuels were performed under fixed power conditions. The droplet velocity and SMD profiles on one side of the centreline are shown in Fig. 3 for 10, 15 and 20 mm from the burner outlet. The x-abscissa indicates the radial profile from the centreline (x= 0 mm) of the burner. At 10 mm from burner exit, the droplet velocity peaks at the radial position 3 mm as shown in Fig. 3a . The droplet axial velocity profile then decreases as the radial distance increases from the centreline. At further downstream location of 15 mm, the velocity peak appears at a wider radial distance as a result of the interaction of the spray with the main swirling flow as shown in Fig. 3b . The strong radial flow from the swirling flow induces a radial pressure gradient, in which the central recirculation zone is formed while the spray spreads radially. The strong reverse flow at the centreline region interacts with the droplets, which lowers the droplets velocity further downstream. Diesel exhibits similar velocity and SMD profiles as PME at locations 10 and 15 mm downstream the spray outlet. A low SMD values is observed at the centreline region but gradually increases with increasing radial positions. Between the radial position at 8 mm and the centreline, the droplets are distributed within the intense heat release region. The heat propagated from the reaction zone assists in vaporising the small droplets within this region. At the radial position of 5 mm, which coincides with the location of maximum volume flux, a slight increase of SMD values for diesel and PME is observed.
At the downstream location of 20 mm, the difference between droplet velocity and size becomes more obvious, as presented in Fig. 3c and 3f . PME droplets show higher SMD and velocity values than diesel droplets at the same spatial locations. The larger SMD value for PME droplets is due to the influence of higher viscosity and surface tension values compared to diesel fuel. The small and scarce droplets at the centreline and periphery region have completely vaporised whereas the high droplet density region sustains some larger droplets. The remaining large PME droplets contain higher momentum and thus enable longer penetration length with extended evaporation time.
Jet-A1 flame shows a slightly lower velocity and SMD values compared to diesel and PME fuels at all axial locations. This is because Jet-A1 fuel is more volatile and has lower boiling point value compared to the heavier hydrocarbons. Hence, droplet vaporisation occurs in a relatively shorter time scale due to the higher dispersion rate and smaller droplet size. The smaller droplets contain lower velocity due to the loss of momentum as the downstream axial distance increases. The droplet size and axial velocity distribution superimposed on the mean CH* chemiluminescence intensity are shown in Fig 4a and 4b for Jet-A1 and PME flames. Despite the different shape of heat release zone shown by the CH* chemiluminescence signal, the overall droplet distribution is rather similar. Small droplets are distributed within the reaction zone while bigger droplets are located outside the flame zone. The intense heat within the flame facilitates evaporation of droplets. At the downstream location of 20 mm, droplets at the centre region are completely vaporised and no further CH* chemiluminescence is detectable. The larger droplets outside the flame zone appear at much lower velocity than the smaller droplets at the centre region of the flame. The high droplet velocity at the centreline region is attributed to the high momentum attained from the atomizing air. The PME flame shows an overall larger droplet distribution compared to Jet-A1 flame.
Droplet concentration and volume flux
The droplet number density and volume flux profiles of the spray flames at the axial location 10, 15 and 20 mm downstream of burner outlet are shown in Fig. 5 . The distribution at all downstream axial locations indicates that droplet concentration peaks at a distance away from the centreline (x=0 mm). The PME flame presents higher peak droplet number density than diesel and Jet-A1 by a factor of 2 and 4 respectively, at the spatial radial position of 7 mm as shown in Fig. 5a . The high droplet density and volume flux is partly in due to the higher mass flow rates of PME by ~17% compared the baseline fuels under constant power condition. The remaining larger PME droplets that are not completely vaporised also contribute to the droplet density count. Jet-A1 fuel shows lower droplet number density and volume flux present in flame due to the high volatility of the fuel, which facilitates vaporisation. Despite the slight difference of droplet SMD profiles between diesel and PME (Fig.  3) , the droplet concentration and volume flux is observed to be lower for diesel at all spatial locations. The droplet density peaks shifts from radial position 7 mm to 9 mm between downstream axial locations of 15 and 20 mm due to the radial spreading of the spray. In regions where the droplet number density is high, rapid mixing with air creates a leaner mixture for reactions. This is shown in Fig. 4 where the intense heat reaction zone corresponds to the locations where the droplets density peaks. Away from the flame zone (x>10 mm), the droplets exhibit larger SMD values but the droplet number density and volume flux distribution in these regions are very low as shown in Fig. 5 . The CH* chemiluminescence intensity peaks at locations where the droplet density is high but with relatively small droplets. This suggests that the variation of the spray droplet distribution and concentration has significant influence on the flame shape and reaction zone.
Flame imaging
The global flame structure of liquid swirl flames were imaged via line-of-sight CH* chemiluminescence (430±10 nm) and broadband spectrum (>550 nm) using an intensified CCD camera. The obtained line-of-sight images were averaged (300 images) and deconvoluted via Abel transformation to obtain the planar flame structures. The excited CH* chemiluminescence from the flames can be used as an indicator of heat release rate [18] . Figure 6a, 6b and 6c show the planar flame structures of Jet-A1, diesel and PME swirl flames respectively. The Jet-A1 flame exhibits the heat release zone of similar shape to diesel but with a slightly wider flame angle. The PME flame presents a more locally intense joint flame front. The high intensity of the CH* emission for PME could be due to the late vaporisation of droplets and higher localized diffusion flames.
The length of all the flame reaction zones is approximately 30 mm downstream of the burner outlet. This demonstrates that the highest local flame temperature occurs in a relatively similar spatial region within the combustor. Complete vaporisation and consumption of droplets occur within this region despite the difference in fuel source. The corresponding CH* intensity profiles at 4, 8, 13 and 17 mm from the burner outlet are presented in Fig. 7a, 7b and 7c respectively. Jet-A1 flame shows similar CH* intensity profiles at 13 and 17 mm as diesel flame but with lower intensity peaks at profiles of 4 and 8 mm. The PME flame shows similar intensity profiles at 4 and 8 mm as Jet-A1, but higher intensity at 13 and 17 mm compared to both Jet-A1 and diesel flames. The intense localized heat near the flame root as shown in diesel flame may assist in flame stabilization near the burner outlet. As most of the thermal energy intensity of the flame is distributed in the continuous spectra of 550 nm and beyond, a CCD camera coupled with a broadband longpass filter is used to image the region where soot is present. The longpass filtered images of Jet-A1, diesel and PME are presented in Fig. 6d, 6e and 6f respectively. Jet-A1 and diesel flames present a sooty region downstream of the reaction flame zone, but the latter shows much higher intensity than the former due to the high sooting tendency. From observation, both fuels establish a bluish flame near the burner outlet (where the intense heat release occurs) and a luminous yellow flame downstream. The bluish premixed flame near the flame root is the typical characteristics of twin-fluid atomizer where the atomizing air enhances mixing with droplets [19] . The intense luminosity is attributed to the soot radiation as a result of high content of aromatic rings in diesel (~20-40%) and Jet-A1 fuel (~10-20%). It is also expected that the high soot radiation intensity of diesel flame increases the temperature of the downstream post combustion region.
In contrast, the PME flame exhibits no sign of soot within the combustor. The flame shows only the bluish region equivalent to a premixed flame. The image shown in Fig. 6f shows the intensity is mainly emitted from the heat release zone. The low luminosity of the palm biodiesel flame has also been observed by Hashimoto et al. [10] in a swirling flame investigation established using a pressure-swirl nozzle. The presence of oxygen in palm biodiesel enhances the local premixed combustion of hydrocarbon with oxygen whereas the absence of aromatic rings inhibits the formation of soot and the sooty yellowish flame brush downstream. It has also been reported that the soot generated from biodiesel is rapidly oxidised due to the initial incorporation of oxygen groups in the molecule [20] .
The intensity profiles of longpass signals (>550 nm) at 12, 22, 30 and 40 mm downstream of burner outlet are shown in Fig 7d, 7e and 7f for Jet-A1, diesel and PME flames respectively. The diesel flame shows higher flame intensity by a factor of three compared to Jet-A1 flame. The highest intensity is found to occur at the profile of 30 mm downstream of the burner exit for both flames whereas PME shows no sign of soot at this particular region. The only intense region in the PME flame (12 mm downstream) coincides with the reaction zone and the profile is similar to those shown in Jet-A1 flame at the same spatial location. 
Flame spectroscopy
Flame emission spectroscopy was performed by spectrally resolving the flame spectrum into UV and near-infrared range (~200 -900 nm). The global flame spectrum signal was focused onto the slit of a spectrometer (USB2000+; Ocean Optics) via a focusing lens. Figure 8 shows the global flame spectra obtained from Jet-A1, diesel and PME swirl flame. Diesel flame shows a prominent bandwidth curve between 550 to 850 nm due to the intense luminosity radiated by the soot. The peak around visible wavelength of 600 nm indicates the colour spectrum of yellow-orange as observed in the flame. Jet-A1 flame shows a reduced intensity for the soot band by half compared to diesel flame. The obtained flame spectroscopy concurs with the spatially-resolved long bandpass (>550 nm) filtered images as shown in Fig.  6 where the soot formation for Jet-A1 flame is lower than diesel flame. The PME flame is characterised as soot-free based on the near-zero intensity between the wavelength band of 580 and 900 nm. Comparison of the flame spectrum highlights the differences in the spectroscopy between conventional fuels and biodiesel which could be utilised as an optical sensing method. Flame emission spectroscopy measurements under constant power conditions. The spectra of Jet-A1 and PME are displaced along the wavelength axis by +10, +20 nm respectively for clarity.
Emission measurements
The post-combustion emissions of CO, NO and NO 2 were measured using a Tocsin 320 ® gas analyzer at the combustor outlet. A sampling probe of 4 mm in diameter was placed 10 mm inward from the burner exit to sample across the burner outlet. The averaged emissions values were obtained from 5 equally spaced positions with 2 minutes of sampling time for each spatial location. The sampling line was preheated to 180 o C and insulated to prevent condensation of post-combustion products.
Due to the variation of power density between the fuels, scaling to same power output and fuel/air mass ratio yields the global equivalence ratio of 0.47, 0.47 and 0.4 for diesel, Jet-A1 and PME flames respectively. The atomizing air to liquid ratio was maintained at 2.0 for all test cases. The emission results of NO, NO 2 and CO obtained as a function of power output is shown in Fig. 9 .
Overall, PME flame shows a reduction of NOx emissions compared to diesel and Jet-A1 fuels. The reduction of NOx using PME fuel under the spray flame condition has also been reported by Hashimoto et al. [10] . Diesel and Jet-A1 flames exhibit relatively similar NO, NO 2 and CO emissions. The main factor of lower NO x emission by PME is attributed to the absence of nitrogen-bound component in the fuel. PME contains no aromatic ring and the flame is characterised by near-zero soot as shown in the longpass filtered (>550 nm) signals in Fig. 6f . The NO emission exhibits a decreasing trend as the power output increases as shown in Fig. 9a . The reduction of NO at higher power output could be due to the influence of the flow field, where the increased strength of the recirculation zone under higher air flow rates could affect the local flame temperature and mixedness and hence the formation of NO. NO 2 is present at an order of magnitude lower than NO. NO 2 shows a slight decrease with the increase of power output. A slight increasing trend is observed in CO emission. 
Conclusions
The spray combustion characteristics of PME have been compared to diesel and Jet-A1 flames under the same power output condition. The droplets within the reacting flames are characterised using a PDA system. The interaction of the recirculation flow and the droplets causes the lower droplet velocity at the centreline region. Flame reaction zone tends to occur at spatial positions where the droplets density and volume flux are high. PME droplets show slightly higher SMD values than baseline fuels with higher droplets concentration and volume flux. The swirl flame generated from PME shows a bluish, low luminosity flame without the yellow sooty region. From CH* chemiluminescence imaging, the PME flame shows a more intense localized heat release region than flames established from conventional fuels. Longpass filtered (>550 nm) imaging shows no sign of soot for PME swirl flame, as supported by the spectrally resolved flame spectra. The emission result indicates that PME produces lower NOx under the overall lean mixture, continuous, swirling spray flame conditions.
